Dibenzothiophene (DBT) derivatives can be detected in diesel oil following hydrodesulfurization treatment, and they are widely recognized as target compounds for more efficient desulfurization. The moderately thermophilic bacterium Mycobacterium phlei WU-F1 was isolated for its ability to grow at 50³C in a medium with DBT as the sole source of sulfur. At 50³C, resting cells of WU-F1 degraded 0.81 mM DBT within only 90 min to produce 2-hydroxybiphenyl as a desulfurized metabolite through the selective cleavage of carbon^sulfur bonds, and also degraded 0.81 mM of derivatives such as 2,8-dimethylDBT, 4,6-dimethylDBT and 3,4-benzoDBT within 8 h. In addition, the resting cells exhibited high DBT-desulfurizing ability over a wide temperature range from 20 to 50³C. Because M. phlei WU-F1 possesses higher desulfurizing ability toward DBT and the derivatives over a wider temperature range than any other microorganisms previously reported, it may have useful practical applications for biodesulfurization. ß
Introduction
Today, petroleum is treated by hydrodesulfurization (HDS) using chemical catalysts containing metals to remove sulfur compounds, combustion of which generates sulfur oxides leading to acid rain and air pollution. However, heterocyclic sulfur compounds cannot be completely removed. Dibenzothiophene (DBT) derivatives are recalcitrant organosulfur compounds and are widely recognized as target compounds for more e¤cient desulfurization since they can be detected in diesel oil following HDS treatment. Therefore, the application of a biodesulfurization process using a DBT-desulfurizing microorganism following HDS, mainly for diesel oil, has attracted attention to achieve more e¤cient desulfurization [1, 2] .
Some mesophilic DBT-desulfurizing microorganisms have been isolated to date, for example Rhodococcus sp. IGTS8 [3^6], R. erythropolis D-1 [7] , R. erythropolis H-2 [8, 9] , R. erythropolis KA2-5-1 [10] , Rhodococcus sp. SY1, formerly identi¢ed as Corynebacterium sp. [11, 12] , Mycobacterium sp. G3 [13] and Gordona sp. CYKS1 [14] . These bacteria desulfurize DBT through a sulfur-speci¢c pathway without reducing the energy content [3^5]. That is, DBT is ¢rstly oxidized to DBT sulfone (DBTO 2 ) via DBT sulfoxide (DBTO) by monooxygenase. DBTO 2 is secondly transformed to 2P-hydroxybiphenyl-2-sul¢nate (HBPSi) by monooxygenase, leading to cleavage of the thiophene ring. HBPSi is lastly desulfurized to 2-hydroxybiphenyl (2-HBP) by hydrolase. However, after HDS diesel oil is at a temperature much higher than 30³C, and thermophilic DBT-desulfurizing microorganisms may be more advantageous than mesophilic ones for application to a biodesulfurization process following HDS. If biodesulfurization can be performed at around 50³C, it would be unnecessary to cool the HDS-treated diesel oil to ambient temperatures. Konishi et al. isolated Paenibacillus sp. A11-2 [15, 16] desulfurizing DBT at 60³C through the sulfur-speci¢c pathway. Recently, we also isolated the moderately thermophilic DBT-desulfurizing microorganism Bacillus subtilis WU-S2B [17] , which could desulfurize DBT over a wide temperature range from 30 to 50³C, and highest at 50³C through the sulfur-speci¢c pathway. Although these two thermophilic bacteria, Paenibacillus sp. A11-2 and B. subtilis WU-S2B, exhibited DBT-desulfurizing activity under high temperature conditions, their activities were much lower than those of mesophilic bac-teria such as Rhodococcus sp. IGTS8 and R. erythropolis D-1 [3, 7, 15, 17] . For practical biodesulfurization, it is useful to obtain microorganisms exhibiting much higher DBT-desulfurizing activity at high temperatures.
In this paper, we describe the thermophilic desulfurization of DBT and its derivatives by Mycobacterium phlei WU-F1. We examined the e¡ects of temperature on the desulfurizing ability of WU-F1 and found that WU-F1 possessed higher desulfurizing ability toward DBT and its derivatives over a wider temperature range, from 20 to 50³C, than any other microorganisms previously reported.
Materials and methods

Isolation and cultivation of DBT-desulfurizing microorganisms
Isolation and cultivation were performed using AF medium, which is A medium [7] with the following modi¢ca-tions ; 5.0 g glucose, 1.0 g NH 4 Cl, 1.0 g KH 2 PO 4 , 8.0 g K 2 HPO 4 , 0.2 g MgCl 2 W6H 2 O, 10 ml metal solution [17] and 1.0 ml vitamin mixture [17] in 1000 ml distilled water (pH 7.5). The medium was supplemented with 0.54 mM (100 ppm) DBT or one of its derivatives such as 2,8-dimethylDBT, 4,6-dimethylDBT and 3,4-benzoDBT [17] as the sole source of sulfur and 17% (v/v) n-tridecane (1 ml ntridecane to 5 ml AF medium) for the suspension of DBT and its derivatives. Cultivation was performed at 50³ C in test tubes (18U180 mm) containing 5 ml of the medium with DBT or one of its derivatives and n-tridecane with reciprocal shaking at 240 strokes per minute. Single-colony isolation from turbid cultures was performed by plating appropriately diluted culture samples onto Luria^Ber-tani (LB) medium composed of 10 g Bacto Tryptone (Difco, Detroit, MI, USA), 5 g yeast extract (Difco) and 10 g NaCl in 1000 ml distilled water (pH 7.0) supplemented with 15 g agar. Microorganisms isolated were stored in micro-tubes containing 10% (v/v) glycerol at 380³C.
Resting cell reaction
Cultivation of strain WU-F1 was performed at 45³C in 500-ml £asks containing 200 ml of AF medium with 0.27 mM DBT and 0.50% (v/v) n-tridecane for 45 h. The cells were harvested by centrifugation at 10 000Ug for 10 min at 4³C, washed twice with 0.1 M potassium phosphate bu¡er (pH 7.6), and suspended in the same bu¡er. The optical density at 660 nm (OD 660 ) of the cell suspension was adjusted to 50. Nine microliters of n-tridecane solution containing DBT or one of its derivatives was added to an L-shaped test tube containing 0.6 ml of the cell suspension to give a ¢nal concentration of 0.81 mM DBT and its derivatives. When DBTO 2 was used as a substrate, 18 Wl ethanol solution containing DBTO 2 was added to an Lshaped test tube. Resting cell reactions were performed with reciprocal shaking at 180 strokes per minute.
Analytical methods
DBT, DBTO 2 , HBPSi, 2-HBP and DBT derivatives were determined using high-performance liquid chromatography (HPLC, type LC-10A; Shimadzu, Kyoto, Japan) equipped with a Puresil C18 column (Waters, Milford, MA, USA) [17] . The molecular structures of metabolites from DBT and its derivatives were analyzed using gas chromatography-mass spectrometry (GC-MS, type 5890II ; Hewlett-Packard, Mississauga, ON, Canada) equipped with a 30-m type HP-5 column (Hewlett Packard) [17] .
Chemicals
DBT, 2-HBP and 2,8-dimethylDBT were purchased from Tokyo Kasei (Tokyo, Japan). DBTO 2 and 3,4-benzoDBT were purchased from Aldrich (Milwaukee, WI, USA). HBPSi (as sultine form, dibenz[c,e][1,2]oxathiin 6-oxide) and 4,6-dimethylDBT were kindly supplied by the laboratory of the Japan Cooperation Center, Petroleum (Shizuoka, Japan). All other reagents were of analytical grade and commercially available.
Results and discussion
Identi¢cation of the DBT-desulfurizing bacterium WU-F1
To isolate thermophilic DBT-desulfurizing microorganisms, approximately 100 types of soil and seawater samples were transferred into test tubes containing 5 ml of AF medium with DBT as the sole source of sulfur and n-tridecane, and cultivated at 50³C. One bacterium, WU-F1, which could grow at 50³C in the medium with DBT as the sole source of sulfur, was isolated.
WU-F1 is a rod-shaped bacterium with dimensions 0.51 .0 Wm by 1.5^2.0 Wm. This strain is Gram-positive, catalase-positive and oxidase-negative, and does not form spores. Further taxonomic identi¢cation of WU-F1 was performed by the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany). The fatty acid pattern of WU-F1 was typical of the genus Mycobacterium, and the mycolic acid pattern of this strain was similar to the type strain of M. phlei. In addition, a partial sequence of the 16S rDNA of WU-F1 was found to show a similarity of 100% to that of the type strain of M. phlei. From these results, WU-F1 was identi¢ed as M. phlei. M. phlei WU-F1 is the ¢rst isolate as a thermophilic coryneform bacterium possessing DBT-desulfurizing ability.
Growth characteristics of M. phlei WU-F1
M. phlei WU-F1 grew at 50³C in AF medium with DBT as the sole source of sulfur. Using GC-MS and HPLC analysis, it was con¢rmed that 2-HBP was accumulated as a DBT-desulfurized metabolite (data not shown). Therefore, the pathway of DBT desulfurization by M. phlei WU-F1 was proposed to be identical to that previously reported [3, 17] . The time course of DBT desulfurization at 50³C by growing cells of WU-F1 was determined, and WU-F1 degraded 0.54 mM DBT within 3 days to produce 2-HBP at 50³C, as shown in Fig. 1. 
Desulfurization of DBT derivatives
Many types of DBT derivatives can be detected in diesel oil following HDS treatment [10] . 
E¡ects of temperature on DBT desulfurization
To investigate the potential for thermophilic biodesulfurization, the e¡ects of temperature on DBT-desulfurizing activity of M. phlei WU-F1 were determined. As shown in Fig. 3A , resting cells of WU-F1 exhibited high DBT-degrading activity over a wide temperature range from 20 to 52³C, and this was most e¤cient at 50³C. On the other hand, the resting cells produced 2-HBP most e¤ciently at 45³C. The e¡ects of temperature on DBT-desulfurizing activities of three types of bacteria are shown in Fig. 3B . In comparison with these bacteria, WU-F1 was found to exhibit DBT-desulfurizing activity over a wide temperature range covering mesophilic Rhodococcus sp. IGTS8, thermophilic Paenibacillus sp. A11-2 and B. subtilis WU-S2B [15, 17] . In addition, WU-F1 exhibited the highest DBT-desulfurizing activity at 40^50³C of the four bacteria, as shown in Fig. 3B .
To clarify the e¡ects of temperature on each DBT-desulfurizing enzyme, the e¡ects of temperature on DBTO 2 desulfurization by resting cells of WU-F1 were also determined and are shown in Fig. 4 . In Fig. 3A , DBT-degrading activity suddenly decreased at 52³C. On the other hand, since DBTO 2 -degrading activity was maintained at a high level up to 55³C in Fig. 4 , the activity of the ¢rst enzyme oxidizing DBT to DBTO 2 may decrease at 52³C in vivo, although we do not have a clear explanation for this. Moreover, it is presumed that the activities of the second enzyme transforming DBTO 2 to HBPSi and £avin reductase coupling with the monooxygenases [18, 19] are maintained at least up to 55³C. Since DBTO 2 was stoichiometrically transformed to HBPSi in a temperature range from 52 to 55³C and 2-HBP was not detected at temperatures higher than 52³C, it is presumed that the third enzyme desulfurizing HBPSi to 2-HBP does not exhibit activity at temperatures higher than 52³C. Because HBPSi was accumulated over a temperature range from 30 to 55³C, the third enzyme is considered to be one of the rate-limiting steps in DBT desulfurization by WU-F1.
Because the cell surfaces of Mycobacterium strains possessing mycolic acids with many carbon atoms are more hydrophobic than those of other bacteria lacking mycolic acids [20] , there is a possibility that this property might be advantageous for M. phlei WU-F1 to take up hydrophobic compounds such as DBT and its derivatives. On the other hand, some papers [18, 19] have reported that £avin reductase coupling with the monooxygenases catalyzing oxygenation of DBT to DBTO 2 and DBTO 2 to HBPSi is essential for the DBT desulfurization and substantially a¡ects the desulfurizing activity. Considering Figs. 3 and 4 together, M. phlei WU-F1 might possess the £avin reductase exhibiting high activity at high temperatures. Therefore, to elucidate why M. phlei WU-F1 possesses high desulfurizing ability at high temperatures, at present we are investigating the enzymatic and genetic properties of this DBTdesulfurizing bacterium.
